Graphical Abstract Highlights d B. thetaiotaomicron dynamically changes its capsular polysaccharides (CPSs) in vivo d One capsule, CPS5, provides the most advantage in the presence of adaptive immunity d The ability to express multiple CPS types promotes survival during antibiotic stress d CPS5 is one of the most prevalent B. thetaiotaomicron CPS in human samples
INTRODUCTION
The microbial community (microbiota) residing in the human intestine encodes many functions that are not represented in the human genome. Some of these functions complement physiological deficits of humans, such as our inability to digest dietary fiber polysaccharides (El Kaoutari et al., 2013) . Other commonly observed functions serve less-defined roles in shaping the membership and physiology of the microbiota. One example is the propensity of many individual human gut bacteria to synthesize a variety of different capsular polysaccharides (CPSs) on their surface (Coyne and Comstock, 2008) . The ability to cover their cell surfaces and even vary these coatings could protect bacteria from host immune responses (Peterson et al., 2007) , other bacteria, bacteriophage, or even allow them to alter host physiology (Mazmanian et al., 2005) .
Bacteroides thetaiotaomicron (B. theta) is a model gut symbiont that degrades a wide variety of dietary, host, and microbial glycans . The type strain of this species also dedicates a substantial portion of its genome (182 genes contained in 8 distinct loci) to CPS production, a typical phenomenon so far observed among members of the Bacteroides and Parabacteroides genera (Coyne and Comstock, 2008) . These loci may vary widely between strains of the same species (Patrick et al., 2010) , partly due to lateral gene transfer or other events (Martens et al., 2014) . The Bacteroides have complex mechanisms for regulating expression of CPS loci, including invertible promoters that are recombinationally flipped between ''on' ' and ''off'' positions (Coyne et al., 2003; Hickey et al., 2015) , NusG-like antitermination factors (Chatzidaki-Livanis et al., 2009) , and trans locus inhibitors (Chatzidaki-Livanis et al., 2010) . It has been hypothesized that this regulation allows for one CPS locus to be expressed by an individual cell (Chatzidaki-Livanis et al., 2010) , while equipping cells in the greater population with the ability to explore expression of different capsules. Such a strategy could pre-adapt subpopulations of B. theta and related symbionts to better compete in environmental conditions for which specific CPSs are most advantageous.
There are multiple roles that CPSs could play in the fitness of intestinal symbiotic microbes (reviewed in Porter and Martens, 2017) . First, bacteria may optimize cell energy expenditures by synthesizing CPSs similar in composition to sugars that the bacterium is metabolizing. Alternatively, as the capsule may be hundreds of nanometers thick (Martens et al., 2009 ) and acts as a barrier to acquisition of some nutrients (Cameron et al., 2014) , conditional expression of some CPSs may facilitate passage of various polysaccharides to the cell surface. In support of this hypothesis, B. theta CPS loci have previously been found to be coordinately regulated with genes involved in the degradation of some host glycans (Martens et al., 2009) .
In addition to roles in nutrient acquisition, CPSs may benefit gut mutualists in similar ways as they do pathogens, including: evasion of the complement system and/or phagocytosis (Avery and Dubos, 1931; Cunnion et al., 2003) , shielding of the bacterium from detection through molecular mimicry (Cress et al., 2014) , or directly modulating the immune system (Mazmanian et al., 2005) . Indeed, each of these roles has gained support in studies of just a few gut Bacteroides: B. fragilis CPSs provide complement resistance (Coyne et al., 2008) ; CPSs in B. fragilis and other species display molecular mimicry of fucosylated host glycoconjugates (Coyne et al., 2005) ; and zwitterionic CPSs from B. fragilis and others modulate host cytokine levels (Neff et al., 2016; Round et al., 2011) . Finally, production of antibodies against a dominantly expressed B. theta CPS (CPS4) results in downregulation of CPS4 and switching to other CPSs (Peterson et al., 2007) , suggesting that these bacterial capsules are targeted by adaptive immunity and the ability to dynamically express alternatives is an advantage in evading this response.
Taken together, the ability to vary CPSs may enable gut bacteria to evade host immune responses. However, since no collection of CPSs from symbiotic gut bacteria have been systematically studied in a single species, it is unclear what general roles these prominent cellular features play, especially in the highly abundant gut-dwelling Bacteroides. In this study, we measured the contributions of individual CPSs toward enabling B. theta to compete in the mammalian gut in the face of various selective pressures, including diet, changing immune responses, and antibiotic pressure. We reveal that specific CPSs provide advantages in the gut environment, and that the abundance of strains expressing individual capsules can be shaped by adaptive immunity. Moreover, we determined that the ability of B. theta to dynamically express multiple CPSs provides an advantage over any single CPS, although antibiotic perturbation is needed to reveal this competitive phenotype. This study shows the importance of capsules within the quotidian functions of a single commensal bacterium, and highlights the importance of these massively diversified structures in equipping bacteria for colonization of the mammalian intestinal tract.
RESULTS

Long-Term Colonization of Mice with B. theta Reveals Dynamic Expression of CPSs over Time
Experiments with the well-studied type strain of B. theta have shown that it varies expression of its eight different CPSs in different in vivo conditions (summarized in Figure S1G ). A limitation of these experiments is that they were short-term colonizations of gnotobiotic mice, providing only a ''snapshot'' of CPS locus expression at a single time point generally 10-30 days after inoculation or diet change. Longer-term colonization of mice could select for different CPSs than those dominantly expressed in vitro or may reveal dynamic changes in locus expression. Thus, we inoculated B. theta into C57BL/6 (herein, referred to as wild-type [WT]) germ-free mice and measured transcriptional changes in CPS expression over a period of approximately 5 months (Figure 1 ; combined data in Figures S1A-S1C). To determine if dietary conditions or adaptive immunity (Peterson et al., 2007) play a role in longterm CPS expression, we also periodically fed one group of WT mice a low-fiber diet and colonized Rag1 À/À mice (adaptive immune-deficient, fed a high-fiber diet).
qPCR-based measurements of fecal bacterial community cps locus transcription at regular intervals revealed that CPS expression quickly changed from the inoculum, which was enriched for cps3 transcription (shown at day 0). However, expression proceeded to change dynamically in individual mice over time, ultimately exhibiting a unique profile of temporal expression of different CPSs for each mouse (Figure 1 ). Dynamic changes in CPS expression occurred on both high-and low-fiber diets, as well as in adaptive immune-deficient mice, suggesting that these factors were not exclusively responsible for driving expression changes. As previously observed in shorter-term experiments ( Figure S1G ), expression of CPS4 was most often highest in WT and Rag1 À/À mice fed a high-fiber diet. However, there were periodic decreases in CPS4 expression (up to $62% total change) that did not always coincide with changes in total B. theta abundance. In addition, some decreases spanned multiple time points, collectively suggesting that these periodic events truly reflect large-scale changes in community capsule expression. CPS1 and CPS2, and to a far lesser degree CPS6, were the capsules that were expressed antagonistically with CPS4 when mice were fed a high-fiber diet. However, in most cases in which CPS4 was dominantly expressed prior to another capsule, the community resumed expression of CPS4 within 40 or fewer days. Interestingly, bacteria in stool taken from mice on the day of euthanasia could express a different CPS than in the cecum of the same mouse (Figures S1D-S1F).
Compared with WT or Rag1 À/À mice fed a high-fiber diet, those fed a low-fiber diet exhibited different CPS expression. Consistent with previous studies of B. theta-colonized mice consuming a low-fiber diet (Bjursell et al., 2006; Sonnenburg et al., 2005) , 4 of 5 mice showed dominant expression of CPS5 and/or CPS6 at some time during 35 days of low-fiber feeding, and this trend was never observed in the same time frame for the high-fiber-fed mice. As the low-fiber diet eventually leads to illness in some B. theta-monoassociated animals, we switched the low-fiber diet group to the high-fiber diet at day 35. Immediately following the diet switch, CPS3 expression increased transiently in most animals, but then gave way to a different dominant capsule (CPS4, CPS5, or CPS6). Additional diet switches may have triggered changes in CPS expression, although the occurrence of these is difficult to attribute to diet change alone given the different responses observed and the dynamic expression in constant feeding of the high-fiber diet. We utilized Dirichlet regression to more quantitatively compare changes in relative cps expression among the three experimental groups (see the STAR Methods). While there is great variation among mice even within experimental groups, possibly masking some transcriptional changes, expression of CPS2 was found to be significantly lower when mice were fed a low-fiber diet (p = 0.0144). Significant decreases in CPS4 (p < 0.0001) and significant increases in CPS6 (p = 0.0002) were also observed in low-fiber fed mice, but these changes were only associated with the first period of low-fiber feeding. Taken together, these changes in CPS expression suggest that specific capsules may be advantageous in vivo, and that the corresponding selective forces are dynamic and influenced by diet.
Competition of Single CPS-Expressing Strains Reveals Differential Success in the Mouse Gut
To better understand the role of individual CPSs in the fitness of gut commensals, without the influence of the complex molecular regulation that is known to govern Bacteroides cps gene expression (Chatzidaki-Livanis et al., 2010) , we employed a series of B. theta variants that each encodes and expresses one of its eight CPS biosynthetic loci (cps loci) (Hickey et al., 2015 ; see the STAR Methods for details on strain generation and validation). These strains allowed us to isolate the role of individual CPSs in subsequent experiments. We first sought to test the hypothesis that expression of distinct CPSs would be advantageous in specific immunological environments. We pooled the eight single CPS-expressing strains, along with an acapsular strain, and inoculated these into individually housed germ-free mice of one of three genotypes: WT mice, mice with a deficient adaptive immune response (Rag1 À/À ), and mice with deficiencies in innate immune signaling (MyD88 À/À /Trif À/-). All mice were fed a standard high-fiber diet, and relative levels of each strain in stool over time were determined via qPCR. Although all strains were present in the inoculum at relatively equal levels, three strains outcompeted the others within a few days after inoculation (see Figure 2 for average strain abundance over time; Figure S4 for individual mouse data). The strain expressing CPS5 (''cps5 strain'') predominated in the stool of four of the five WT mice, with the cps4 and cps6 strains found at lower levels or outcompeted by the end of the experiment. In one WT mouse, the cps5 and cps6 strains appeared to be codominant. However, in adaptive immune-deficient (Rag1 À/À ) mice, a more stable competition occurred over time that reflected both higher abundance of the cps6 and cps4 strains at most time points compared with WT mice and less propensity for these strains to diminish at later time points, especially cps4 in some individual mice ( Figure S4 ). Specifically, while the cps5 strain was most abundant in four of the five Rag1 À/À mice by the end of the time course, the cps4 and cps6 strains persisted in all mice and maintained higher abundance over time, with a statistically significant lower abundance of the cps5 strain over the first 40 days. Even though they were still outcompeted, several other strains (cps1, cps2, cps3, and cps7) also maintained significantly higher levels in Rag1 À/À mice in the first Eight single CPS-expressing strains and an acapsular strain were pooled and inoculated into germ-free mice of three genotypes (n = 5 mice/group): (A and D) WT; (B and E) MyD88 À/À /Trif À/-; (C and F) Rag1 À/À . (A-C) include a linear axis for relative abundance, whereas (D-F) use a logarithmic axis to reveal strains that have fallen below the limit of detection. All mice were fed a high-fiber diet. Relative abundance of each strain in stool was determined at regular intervals via qPCR. The relative abundance in the inoculum is represented as ''Day 0.'' Each mouse was individually caged for this experiment. Data are represented as mean ± SEM. Asterisks (in matching colors to bacterial strain) indicate significant differences (*p < 0.05, **p < 0.01; Kruskal-Wallis test, with Benjamini-Hochberg correction) in relative strain abundance between WT mice and the mutant mouse genotype shown in that panel at each time point. See also Figures S2-S6 and Table S3 . LOD, limit of detection. 20 days. This was especially apparent in one mouse, where the cps1 strain maintained a persistent population for several weeks before dropping below the limit of detection. The less stringent dominance of the cps5 strain in Rag1 À/À mice reinforces that adaptive immune responses play a role in CPS-mediated fitness (Peterson et al., 2007) , and suggests that CPS5 could be more resilient under these conditions. Compared with Rag1 À/À mice, an opposite trend was observed in MyD88 À/À /Trif À/À mice (deficient in innate immunity). In all five mice, the cps5 strain became the most dominant strain by day 10. While the cps4 and cps6 strains maintained detectable populations for several weeks in individual mice, by the end of the experiment the cps5 strain was the only strain remaining, with all other strains (including the cps6 and cps4 strains) outcompeted below the limit of detection. Despite the differences in strain abundance, all three groups of mice had similar bacterial load at the end of the experiment ( Figure S4F ). These data further suggest that CPS5 provides an advantage to B. theta in vivo, while deficiency in innate immunity provokes a more fierce competition among colonizing strains.
Besides our genome sequencing data demonstrating few mutations among the strains used in this study (Table S2) , we sought to rule out secondary mutations by repeating the competition experiment described above with a newly constructed cps5 strain. Mirroring our previous results, the rederived cps5 strain outcompeted all other strains in two of three mice, and was codominant with the cps6 strain in the last mouse ( Figure S4E ). While some variation existed among the four replicates of this competition in WT mice (Figures 2, S4D, S4E, and S5D), including greater persistence of the cps2 strain over the cps4 strain in some cases, combined data from WT mice similarly exhibited significant differences in cps5, cps6, and other strain abundances compared with Rag1 À/À mice ( Figure S4 ). We also sought to determine if there were specific global gene expression profiles shared by the most competitive strains (cps4, cps5, and cps6; ''winners'') compared with some of the strains that were consistently outcompeted (cps1, cps2, and acapsular; ''losers'') by performing RNA sequencing on bacteria from monoassociated mice. When directly comparing all in vivo expression profiles for winners versus losers (n = 9 each) there were no significant changes in gene expression under the conditions used (see the STAR Methods), although a few strain-specific changes in mostly genes of unknown function were observed (Table S3 ). From these data we conclude that CPS4, CPS5, and CPS6 provide a direct advantage to the bacterium in vivo that is not reflected in strong changes in global transcription.
Longitudinal sampling of the stool might not adequately represent geographical differences in population structure in the intestinal lumen versus the mucus layer or along the intestinal length. Laser capture microdissection of bacteria from longitudinal (ileum, cecum, or colon) or lateral (lumen or mucus layer) locations in the Rag1 À/À mice from Figure 2 generally showed similar patterns among sites and stool (Figures S5A and S5B) . Interestingly, the small intestine (ileum) was more permissive to strains other than the cps4, cps5, and cps6 strains. A lack of geographical difference in cps transcript (Figure S5C) was confirmed in whole-colon segments from mice monoassociated with WT B. theta, indicating that gross location within the intestinal tract, at least in the absence of a com-plex microbiota, is not a major driver of which CPS type is most advantageous.
Intestinal Anti-CPS IgA Levels Correlate with Increased Competition among Single CPS-Expressing Strains Each of the three groups of mice in our competition in Figure 2 exhibited a different competition profile. Whereas the Rag1 À/À mice produce no intestinal immunoglobulin A (IgA), the WT and MyD88 À/À /Trif À/À mice produce adaptive immune responses.
To determine whether differences in CPS-specific IgA levels between these two groups correlated with competition outcomes, we used ELISA with each purified CPS as antigen to quantify the magnitude of the CPS-specific IgA response in stool samples over time from the WT and MyD88 À/À /Trif À/À mice shown in Figure 2. Consistent with development of adaptive immune responses during or after the first week of colonization, levels of anti-CPS IgA in WT mice at day 5 were low but significantly increased by day 25 ( Figure 3A ). At this time point, IgA levels were significantly higher against CPS1 and CPS3 than against CPS5, with significantly higher anti-CPS4 titers (compared with anti-CPS5 titers) emerging by day 45. This is noteworthy given that the intestinal community consisted mainly of the cps5, cps4, and cps6 strains, illustrating that the most competitive strain in these mice (the cps5 strain) is not also the most targeted by IgA. Interestingly, confirming others' findings (Slack et al., 2009) , over the entire experiment, levels of anti-CPS IgA were generally higher in the innate immune-deficient (MyD88 À/À /Trif À/-) mice ( Figure 3B ), which correlated with greater competition among strains and eventual elimination of the cps4 and cps6 strains ( Figure 2 ). To measure the significance of this change in anti-CPS IgA production, we used a univariate mixed model with mouse genotype as a predictor, determining that levels of IgA in the Myd88 À/À /Trif À/mice were significantly higher (p < 0.001) than those of WT mice. A multivariate model including time showed no statistical difference in anti-CPS IgA levels between mouse genotypes at the first two time points, indicating that differences between mouse genotypes at days 45 (p < 0.001) and 65 (p < 0.001) drive the significance between groups, correlating with the outcompetition of both the cps4 and cps6 strains from the MyD88 À/À /Trif À/mice. We also directly correlated CPS-specific IgA titers with relative strain abundance data ( Figures 3C and 3D ). All capsules other than CPS5 were associated with a negative or non-significant correlation coefficient, whereas there was a strong positive relationship between anti-CPS5 IgA titers and cps5 strain abundance. While this positive relationship did not reach our level of significance (a = 0.05) in WT mice (r = 0.4372, p = 0.0612), it was significant in the MyD88 À/À /Trif À/mice (r = 0.6207, p = 0.006). The increased IgA response in MyD88 À/À /Trif À/mice was not limited to B. theta CPSs, as ELISA using whole acapsular B. theta (Figure 3E) and quantification of total IgA ( Figure 3F ) both showed a correspondingly stronger response in MyD88 À/À /Trif À/mice. These data implicate the adaptive immune response (particularly, IgA levels) in driving changes in relative abundance seen in the three genotypes of mice tested.
Diet Alterations Do Not Have Major Impact on In Vivo
Competition or on In Vitro Growth Rate Previously, we determined that activation of individual glycan degradation systems induced changes in CPS locus expression 
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A (legend continued on next page) (Martens et al., 2009) and others have seen changes in CPS locus expression in vivo upon switching mouse diet (Bjursell et al., 2006; Sonnenburg et al., 2005) . To investigate whether specific CPSs conferred advantages in different dietary nutrient environments we used two approaches. First, we inoculated the same mixture of strains (eight single CPS-expressing strains and the acapsular strain) into WT mice fed one of five different diets ( Figures S5D-S5H ). While somewhat less stringent competition occurred compared with our previous experiment (Figure 2) , the same strains (cps5, cps6, and cps4) predominated in high-fiber-fed mice. While the cps6 strain dominated for most of the time in low-fiber-fed mice (similar to results in Figure 1 ), on the whole we observed little difference among groups of mice fed different diets. Second, we excluded the immune response as a factor by growing each single CPS-expressing strain in minimal medium containing one of 28 different monosaccharides or polysaccharides as the sole carbon source. Overall, we observed few significant differences in growth rate, which were mostly slower growth of some single CPS-expressing strains on monosaccharides ( Figure S6 ). Taken together, our in vitro and in vivo data indicate that competition for nutrients, which must permeate each surface capsule to be utilized for growth (Cameron et al., 2014) , is insufficient to explain the dominance of the cps4, cps5, and cps6 strains in most conditions.
The Ability to Express Multiple CPSs Confers an Additional Advantage in Gut Competition B. theta and its relatives have the potential to switch expression of their CPS loci to adapt to changing conditions (Coyne et al., 2003) , including the development of an immune response (Peterson et al., 2007) . While some single CPS-expressing strains of B. fragilis have been competed against an isogenic WT strain in vivo, studies have yielded conflicting results. In one, a strain expressing only one of its capsules (PSH) competed equally with the WT for 15 days (Coyne et al., 2008) . However, in another report, three other single CPS-expressing strains (polysaccharides A, B, and C [PSA, PSB, and PSC]) were outcompeted by the WT strain over a 7-day period (Liu et al., 2008) . Thus, it is unclear as to whether phase-variable expression of CPS loci provides an advantage over any individual CPS. Our collection allows us to test all eight single CPS-expressing B. theta strains, which may compete differently with WT. Thus, we next tested the hypothesis that WT B. theta would exhibit increased fitness compared with the isogenic single CPS-expressing strains because it possesses the ability to dynamically adapt its CPSs to thrive in potentially more diverse but unknown selective conditions in the gut. We repeated our previous in vivo competition by inoculating germfree mice with the single CPS-expressing strain community, plus the acapsular strain, along with WT B. theta (Figures 4 and S7) . Similar to previous experiments, the CPS5 capsule was the most advantageous for the single CPS-expressing strains. Interestingly, the cps5 strain persisted at substantial levels alongside WT B. theta, although in WT mice (with adaptive immunity) WT B. theta competed slightly better at most later time points, with the cps5 strain periodically dropping to low levels in some mice before regaining abundance. In contrast, in Rag1 À/À mice, the cps5 strain competed better overall, with WT B. theta persisting at lower, dynamic levels in all but one mouse. As observed previously in Rag1 À/À mice, the cps4 and cps6 strains were maintained at low levels, and other strains emerged at low levels in some individuals, corroborating our previous experiments (Figure S7B ). Since WT and cps5 strains persisted together, we hypothesized that WT would also mainly express its cps5 locus, which generally provided the most advantage in our previous competitions. We sampled stool at two different time points to determine relative cps locus expression in fecal RNA. Opposite our expectations, we observed a variety of capsules expressed in the mixed community of fecal B. theta. As the cps5 strain can only express its cps5 locus, expression of CPS5 was higher than that of other loci at days 45 and 70 and similar to the abundance of the cps5 strain ( Figure 4C ). At day 45, each of the remaining seven capsules was expressed above $5% total locus transcript, presumably by WT B. theta. At day 70, this relatively equal proportion of capsule expression was skewed in favor of CPS2 expression, one of the CPSs favored in our long-term experiment (Figure 1 ). Strikingly, this same pattern was observed in the separate group of colonized Rag1 À/À mice ( Figure 4D) , albeit with increased presence of CPS4 and CPS6 locus transcripts, presumably due to the higher abundance of the respective single CPS strains. Given the ability of WT B. theta to persist alongside the cps5 strain (and others in Rag1 À/À mice) by largely expressing a different capsule repertoire, we hypothesized that creating a perturbation to the community would reveal a differential advantage for one of these two populations. To test this, we treated the mice with ciprofloxacin, an antibiotic that kills Bacteroides but does not sterilize the gut (Lee et al., 2013) , and to which the cps5 and WT B. theta strains are equally susceptible (Table S4 ). Administering antibiotics in water for 4 days (days 84-88) to both B. theta-colonized WT and Rag1 À/À mice reduced the level of fecal bacteria by at least 7 orders of magnitude. We then allowed the respective populations to regrow in the presence or absence of a developed adaptive immune response. In support of our hypothesis, and despite 4/10 mice having higher cps5 populations prior to antibiotic treatment, the B. theta populations in all mice recovered in favor of the WT B. theta strain. This post-antibiotic dominance of the WT strain occurred in all WT mice, and in 3 of 5 Rag1 À/À mice (2 mice harbored cps5 at 5%-10%), suggesting that adaptive immunity explains a small part of this phenotype. The dominance of the WT strain was unlikely to be explained by differential growth on carbohydrates ( Figure S6 ) or to killing mechanisms such as antimicrobial peptides (Table S4; Figure S7C) or complement ( Figure S7D ).
Drastic reduction of the cps5 and other strains after antibiotics provided the opportunity to measure which CPSs were (C and D) Relative strain abundance (left y axis) and corresponding CPS-specific IgA titers (right y axis) are plotted over time for (C) WT mice; (D) MyD88 À/À /Trif À/mice. Pearson correlation coefficients (r) and p values for each correlation (p) are also indicated. (E) Fecal IgA to the acapsular strain from WT and MyD88 À/À /Trif À/mice was quantified via ELISA. (F) Total IgA from WT and MyD88 À/À /Trif À/mice at day 65 was quantified via ELISA. Significant differences between mouse genotypes in (E and F) were determined at each time point via Mann-Whitney test (*p < 0.05, **p < 0.01). For (C-F), data are represented as mean ± SEM. expressed by WT B. theta after it expanded to dominate the gut. Surprisingly, in WT mice (with 100% WT B. theta in all five mice), WT B. theta displayed a new pattern of cps expression that varied from its pre-antibiotic profile by exhibiting far less cps2 expression and prominent expression of cps5, followed by expression of cps3 and cps1, plus others ( Figure 4C ). This same pattern was observed in post-antibiotic-treated Rag1 À/À mice ( Figure 4D) , with the notable exception that far less cps5 was expressed by the population (with most cps5 expression found in the two mice with low populations of the cps5 strain), which instead favored corresponding increases in cps1, cps4, and cps6. While it is possible that high cps2 expression at day 70 is caused by the same dynamic changes in locus expression observed in Figure 1 , it is unlikely that the observed changes in cps5 expression, exclusively found in all WT mice, is due to a similar phenomenon, as we never observed a large (>20%) expression change of cps5 in WT or Rag1 À/À mice fed this diet. Collectively, our data indicate that the ability to shift expression of multiple CPSs provides an advantage to B. theta that is realized most strongly after antibiotic perturbation, and that CPS5 confers some advantage(s) in the face of the adaptive immune response.
Extensive CPS Biosynthetic Locus Diversity in Sequenced B. theta Isolates As Bacteroides fragilis strains harbor broad diversity in CPS biosynthetic loci (Patrick et al., 2010) , we wondered whether Figure 4 . In Vivo Competition of the Single CPS-Expressing Strains with the Acapsular and WT Strains (A and B) Ten strains (eight single CPS-expressing strains, the acapsular strain, and the WT strain) were pooled and inoculated into germ-free mice of two genotypes (n = 5 mice/group): (A) WT (all co-housed); (B) Rag1 À/À (in two cages). All mice were fed a high-fiber diet. Relative abundance of each strain in stool was determined via qPCR. Ciprofloxacin was administered in the drinking water of all mice from days 84 to 88. (C and D) Relative abundance of bacterial strains and relative expression of CPS loci in (C) WT and (D) Rag1 À/À mouse stool at days 45, 70, and 92, and from cecal contents at time of mouse necropsy (day 92). Data are represented as mean ± SEM. See also Figure S7 and Table S4 . LOD, limit of detection.
the specific CPS that we determined to be advantageous in gnotobiotic mice would be prevalent in other B. theta strains. We probed the diversity of B. theta CPS loci in 14 sequenced members of this species (all with >98% 16S rDNA identity to the type strain). Interestingly, only 2 of the 8 CPS loci from the type strain (cps2 and cps6) are found in half or more of the strains (Figure 5A ), raising the question of whether other strains encode different CPS loci and if they reside at the same genomic positions. Based on variations in gene content and homology, we identified a total of 49 unique cps loci among these 14 strains ( Figure 5B) . Strikingly, only one of these loci (cps8 from the VPI-5482 type strain) appeared in other non-B. theta strains ($45,000 genomes probed), suggesting that, while diverse, Bacteroides capsules are largely shared among closely related lineages. The cps8 locus is on a putative mobile element, which may explain its presence in more divergent bacteria ( Figure 5C ). Breaks in the draft genome assemblies around cps loci hindered the determination of the genomic site for several cps loci; however, when location could be determined, homologous loci occupied the same genomic site. Identical cps were not limited to isolates from a single host species, as examples from humans were also found in isolates from goats, cows, pigs, and/or mice.
A more detailed inspection of a single genomic site, site 1 (cps1 locus in the type strain) revealed that genes flanking the cps locus were well conserved, as were genes for regulation (upxY/upxZ-like) and export (wza-like/wzc-like), at the 5 0 and 3 0 ends ( Figure 6 ). While a few strains had gene clusters at this site that shared homologous genes and even regions of local synteny, we identified a total of nine unique loci in which most of the genes involved in polymerization or modification of the growing glycan (e.g., glycosyltransferases, acetyltransferases, or epimerases) were not homologous. In addition, glycosyltransferase content between these loci was different, in both combination and number, suggesting that each locus encodes the ability to produce a distinct glycan.
CPS5 and CPS6 Biosynthetic Loci Are Prevalent in Human Gut Metagenomic Samples
To more broadly survey the presence of B. theta CPS diversity we extended our analysis beyond cultured bacterial isolates to human fecal community samples. We probed metagenomic data from Human Microbiome Project stool samples (Markowitz et al., 2012) to determine the prevalence, in healthy adults, of the various capsule variants that we identified. Of the 48 B. theta-specific loci (excluding cps8), 45 were detected within at least one metagenomic sample (Figure 7) . These ranged in prevalence from approximately 1% to 65% of all B. theta-positive samples. The three most prevalent loci in sequenced isolates (cps2, cps6, and cps7) were also the three loci most frequently identified in metagenomic samples (65%, 46%, and 41% prevalence in B. theta-positive samples, respectively), indicating that these loci may confer a competitive advantage in the human gut. Interestingly, while only found in 2 of the 14 sequenced B. theta isolates, the cps5 locus was the fourth most frequently identified cps locus in the metagenomic samples (31% of B. theta-positive samples). Taken together with our experimental data, CPS5 and other CPSs undoubtedly provide unique, niche-specific advantages to the bacterium during competitive colonization of the gut. At least for CPS5, this may be due in part to its ability to facilitate evasion of the host immune response in mice and, based on the prevalence of the cps5 locus in the human metagenome, this advantage may extend to the human gut as well. . theta strains (>98% full-length 16S identity to type strain VPI-5482) or closely related strains were probed with genes from the 8 cps loci in the B. theta type strain. B. fragilis NCTC 9343 and B. ovatus ATCC 8483, Bacteroides species containing distantly related cps loci (Coyne and Comstock, 2008) , are included as controls. Each gene corresponds to a column of boxes underneath its cognate cps locus (e.g., cps7). Red boxes indicate homology between the gene from the type strain and the genome of the probed strain. (B) A simple schematic of the B. theta pangenome illustrates the relative location of the 49 unique cps loci identified in the 14 strains. Rectangular boxes indicate genomic sites utilized by the type strain, whereas triangular wedges indicate sites found only in other strains. Because of the frequency of genomic breaks at sites of cps loci, a ''confirmed site'' indicates the presence of any number of genes involved in CPS synthesis. (C) The cps8 biosynthetic locus is encoded on a mobile genetic element. Transfer RNA (tRNA) genes flanking the cps8 locus in VPI-5482 were identified, and four to five flanking genes on each side were used to identify the same genomic location in other closely related strains. These flanking genes were homologous in all loci. The 161-gene insert in VPI-5482 includes the cps8 locus and putative mobilization functions. See also Table S5 .
DISCUSSION
Little has been uncovered about the specific roles that CPSs play in bacterial survival in the gut and why members of the Bacteroidetes phylum encode so many variations of these surface coatings. With its full structure known and much of its immunomodulatory activity described (Mazmanian et al., , 2005 , by far the best-studied Bacteroides CPS is the zwitterionic PSA from B. fragilis, one of eight CPSs produced by the type strain of this species. Deletion of only PSA abrogated these immunomodulatory changes and protective effects, indicating that the other seven CPSs in this strain likely play different roles.
Our single CPS-expressing B. theta strains provide a means to test the functional roles of CPSs in nutrition and other functions. Our current work fails to reveal broad support for the hypothesis that CPS expression is tightly tuned to specific polysaccharides. Instead, our findings, combined with the previous results of others, support a critical role for Bacteroidetes CPSs in coping with aspects of the adaptive immune response and recovery from antibiotic challenge. Specifically, while CPS4, CPS5, and CPS6 are advantageous in vivo regardless of host immune proficiency, CPS4 and CPS6 are clearly less advantageous than CPS5 in the face of an adaptive immune response, especially one that is strengthened by removing MyD88/Trif (Figures 2,  4A, and 4B ). However, removing host adaptive immunity neither eliminates dynamic expression of capsules by WT B. theta in vivo (Figure 1 ) nor equilibrates levels of competing single CPS-ex-pressing strains, suggesting that other selective pressures are also important.
In confirmation of a previous study in B. fragilis (Coyne et al., 2008) , a strain expressing a single CPS (CPS5) co-colonizes to high levels with WT B. theta especially under stable conditions (e.g., consistent diet, lack of adaptive immunity). It is intriguing that, during coexistence with the cps5 strain, WT B. theta produces multiple CPSs, which appear to mostly exclude CPS5. At least two scenarios may account for this phenomenon. First, the complex cps locus regulatory hierarchy employed in B. fragilis (Chatzidaki-Livanis et al., 2010; Coyne et al., 2003) likely applies to B. theta as well. As CPS3 and CPS4 are the most dominantly expressed in WT B. theta in vitro (see inoculum at ''Day 0'' in Figure 1 ), regulatory factors encoded in these CPS synthesis loci may actively downregulate the expression of other loci (including CPS5) in the absence of strong selective pressures. Second, having the facultative ability to shift production to different CPSs may provide the bacteria with an advantage to fill some niches better than the cps5 strain. In light of these possibilities, it is even more remarkable that, although the WT strain is equally susceptible to antibiotic inhibition in vitro, the WT strain prevails as the dominant colonizer after antibiotic challenge in both adaptive immune-proficient and -deficient mice, but resorts to dominant expression of CPS5 only in WT mice with intact adaptive immunity. This observation supports a model in which CPS5 provides B. theta with the greatest advantage to occupy a particular niche in the gut that is influenced by All of the genes present in nine different cps locus variants found at the same site as the cps1 locus in B. theta VPI-5482 were analyzed for pairwise homology to each other. Gray boxes connecting genes indicate homology (>90% identity in dark gray, 80%-90% identity in light gray). Genes are color-coded according to information found in the profile for each gene on the Integrated Microbial Genomes website. Annotations from the CAZy database are displayed within each gene as applicable. adaptive immunity. The ''size'' of this hypothetical niche must be relatively large based on the >50% abundance of the cps5 strain in single strain competitions. After antibiotic treatment, WT B. theta prevails, perhaps because a capsule other than CPS5 promotes better outgrowth or access to an antibiotic-resistant niche. But after outgrowth in WT mice, a subpopulation of WT B. theta adjusts its CPS expression and fills the CPS5 niche, which may either not exist or be smaller in adaptive immune-deficient mice. It is unclear whether WT B. theta would continue to maintain high levels of cps5 expression in adaptive immune-proficient mice, or whether expression would eventually decrease to levels similar to those in Rag1 À/À mice. Further studies investigating community perturbations could provide more evidence for specific niches favoring CPS5 or other capsule types.
Such a conditionally advantageous niche exists for B. fragilis, which possesses a gene cluster (ccfA-E, for crypt colonization factor) that allows it to colonize the lumen of colonic crypts. WT B. fragilis is more resistant to antibiotic perturbation than a ccf mutant unable to colonize deep within crypts (Lee et al., 2013) . Several homologous loci exist in B. theta, which was recently shown to also colonize colonic crypts (Whitaker et al., 2017) , and one of these loci (BT0865-BT0867) is upregulated by approximately 5-fold in the cps4 strain in mice (Table S3 ). However, the cps4 strain is also outcompeted during antibiotic perturbation, suggesting that a more complex interplay between expression of specific CPS loci and niche-specific colonization factors may be involved. In addition, we determined that relative abundance of the single CPS-expressing strains in our previous experiment (Figures 2 and S5 ) did not vary along the length of the colon or between the mucus layer and lumen of the gut. Thus, the niches implied in our study may not refer to grossly geographical habitats, but rather niches that could be based on any number or combination of other undefined factors that are not necessarily exclusive of each other. A complex, constantly shifting environment will likely Human Microbiome Project Gut Metagenomic Samples (n=147 dynamically change the size of many of these niches, necessitating phase-variable expression of fitness factors, such as capsules, to pre-adapt some part of the population to thrive in the most important niches. In experiments involving single CPS-expressing strains, CPS5 is most often dominant but this is not an exclusive phenomenon. The presence of other abundant strains that may be even more dominant in individual mice indicates that capsules such as CPS4 and CPS6 also provide substantial advantages, either by promoting access to other competing niches or by promoting good access to the same niche as CPS5. Finally, we identify numerous, genetically diversified CPS loci in sequenced B. theta isolates and human gut samples. Similar broad diversity has been found in other species of gut Bacteroidetes (Coyne and Comstock, 2008; Patrick et al., 2010) , as well as a more phylogenetically diverse set of genomes from the human gut microbiome (Donia et al., 2014) , underscoring the importance of CPS diversity to the fitness of bacteria that inhabit this niche. Given the extensive diversification of gut bacterial CPSs and the currently limited knowledge of individual CPS function, we believe that future work into the roles of these CPSs will provide a much greater understanding of the ways in which symbiotic bacteria interact with both their hosts and the complex and competitive microbiota in which they live.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Strains and Culture Conditions
Bacterial strains used in this study are listed in Table S1 . Strains were routinely grown in TYG medium (Holdeman, 1977;  100 mM MgCl 2 , 50 mM CaCl 2 , 1.9 mM hematin, 1.4 mM FeSO 4 ,7H 2 O, 1 mg/mL vitamin K 3 , 5 ng/mL vitamin B 12 , and 0.5% glucose or other carbohydrate as indicated), or on brain heart infusion agar plates containing 10% horse blood (Quad Five, Rygate, Montana) (BHI-blood plates). Antibiotics were added as needed (gentamicin: 200 mg/mL; erythromycin: 25 mg/mL; 5-fluoro-2'-deoxyuridine: 200 mg/mL). Bacteria were routinely grown at 37 C in an anaerobic chamber (Coy Laboratory Products Inc, Grass Lake, Michigan) or in borosilicate tubes using the NaHCO 3 /pyrogallol method for anaerobiosis (Holdeman, 1977;  after placing a sterile cotton ball in the top of a borosilicate tube, burning the cotton ball and pushing it midway into the tube, 200 mL of saturated NaHCO 3 solution and 200 mL of 35% pyrogallol solution were pipetted onto the cotton ball, a rubber stopper was used to seal the tubes, and the tubes were incubated at 37 C.). Locus deletions and promoter locking were performed in the B. thetaiotaomicron VPI-5482 tdkbackground as described previously (Koropatkin et al., 2008) . E. coli S17-1 lpir cells (carrying the pExchange plasmid, containing genomic flanks of the locus of interest that have been ligated together) were mated on BHI-blood plates aerobically at 37 C with an approximately equal number of B. thetaiotaomicron recipient cells. After one day, selection for merodiploid B. thetaiotaomicron cells was carried out by plating on BHI-blood plates containing gentamicin and erythromycin and incubating for 2 days anaerobically. Resistant colonies were restreaked and regrown under the same conditions for 2 days, and then 10 resistant colonies were grown anaerobically overnight in TYG medium. Counterselection was carried out by pooling the overnight cultures and plating on BHI-blood plates containing 5-fluoro-2'-deoxyuridine. After 2 days of anaerobic growth, colonies were restreaked and regrown under the same conditions. Individual colonies were then picked and screened for loss of the locus or sequence of interest. Deletion constructs for cps loci were described in Rogers et al., 2013 (see also S1), and primers for promoter locking are listed in Table S1 . cps3 promoter locking data in Figure S2C was previously shown in Hickey et al., 2015 .
Gnotobiotic Mouse Experiments
All animal experiments were performed with approval from the University Committee on Use and Care of Animals at the University of Michigan. Mice were randomly assigned into groups by a technician unfamiliar with the project. Animal numbers for each experiment were chosen based on the minimum numbers required in previous studies to observe significant changes in the readouts measured in each experiment (gene expression, community member changes, antibody titers, etc). Germ-free mice of a C57BL/6 background (wild-type, MyD88 -/-/TRIF -/-, or Rag1 -/-, as indicated in each experiment) of varying ages and genders were used, dependent on availability, and none of these were involved in any previous experiments. Mixed gender groups with a wide age range (20-59 days old at inoculation, see Figures S4A-S4C) were used in the experiment for Figure 2 , whereas all other experiments involved a single gender common to all groups within that experiment. Groups within an experiment were age matched to the greatest extent possible. For Figure 1 , male mice were inoculated at 50-84 days of age. For Figures S4D and S4E , female mice age 35-47 days were used. For Figure S6 , female mice age 64-80 days were used. For Figure 4 , male mice 27-36 days of age were used. For the RNA-Seq experiment performed for Table S3 , female mice 45-56 days of age were used.
Mice were inoculated with 100 mL of bacterial culture (individual strain for monocolonization experiments; or for competition experiments, strains pooled in equal volumes at approximately OD 600 1.0, with the acapsular strain volume doubled). Mice were routinely fed a standard, autoclaved high-fiber diet (LabDiet 5013, LabDiet) . For experiments involving other diets [low-fiber diet TD.130343 (Harlan Laboratories, Madison, WI) (Larsbrink et al., 2014) , prebiotic diet (TD.130342, Harlan) (Desai et al., 2016) , bread-based diet (TD.130682, Harlan) (Cuskin et al., 2015) , or high-fat diet (TD.96132, Harlan) (Reed et al., 2000) ], mice were prefed the corresponding diet for 7 days prior to inoculation with Bacteroides thetaiotaomicron (B. theta) strains. To reduce bacterial load in vivo in Figure 4 , mice were switched to water containing 0.625 mg/mL ciprofloxacin for 4 days, prior to switching back to regular water. Reduction of bacterial load was confirmed via spot plating of stool samples.
METHOD DETAILS
Resequencing of Single CPS-Expressing Strains
For strain genomic sequencing, pellets from 35 mL overnight cultures were resuspended in 15 mL TE and incubated with 0.5 mL 20% SDS and 200 mL of 20 mg/mL proteinase K at approximately 50 C for 2 hours. Samples were extracted twice with 1:1 phenol:chloroform, followed by two extractions with pure chloroform. DNA was precipitated using sodium acetate and isopropanol and centrifuged to form a pellet. After washing in 70% ethanol and drying, the pellet was resuspended in 5 mL TE overnight at 4 C. Samples were treated with RNase prior to extractions with phenol, 1:1 phenol:chloroform, and two extractions with chloroform. DNA was precipitated with sodium acetate and ethanol, washed in 70% ethanol, dried, and resuspended in TE. 700 mL of 100 ng/mL DNA was fragmented in a Sonics Vibra-cell GE505 ultrasonicator at 25% amplitude for 2 minutes (30 seconds on, 30 seconds off). DNA libraries were prepared using the TruSeq DNA LT Sample Prep Kit (Illumina Inc., San Diego, California). Libraries were pooled and run in 1 lane of 50 base pair single read sequencing on an Illumina HiSeq 2500 at Michigan State University. Genomes were assembled in SeqMan NGen (DNASTAR Inc., Madison, Wisconsin) and SNPs against the sequenced wild type strain (tdk -+ Tag1) were identified in SeqMan Pro (DNASTAR Inc.) (see Table S2 ). CPS locus deletions were also validated from sequencing assemblies.
RNA Isolation and Quantitative PCR (qPCR) for Relative cps Expression
For in vitro samples, strains were streaked onto agar media and grown anaerobically for 2 days. 3 individual colonies were selected for each strain and inoculated into TYG medium overnight, then were subcultured 1:50 into minimal medium containing 0.5% glucose and grown using the NaHCO 3 /pyrogallol method. Upon reaching OD 600 0.6-0.8, the supernatant was removed, and 1.5 mL of each culture was resuspended in 500 mL RNAprotect (Qiagen) and then handled according to the manufacturer's instructions. RNA was extracted via the RNeasy Mini Kit, treated with the TURBO DNA-free Kit (Ambion) and purified again with the RNeasy Mini Kit.
RNA was extracted from flash frozen mouse stool or cecal contents via bead beating (Ley et al., 2005) for 5 minutes in 500 mL buffer (200 mM NaCl, 200 mM Tris, 20 mM EDTA at pH 8) with 210 mL of 20% SDS and 500 mL phenol:chloroform:isoamyl alcohol (125:24:1, pH 4.3, Fisher Scientific), followed by ethanol precipitation, purification using the RNeasy Mini Kit, treatment with TURBO DNA-free Kit, and repurification with the RNeasy Mini Kit. For measuring relative cps locus expression from inocula, the inoculum was passaged into minimal medium and handled as for other in vitro samples above.
cDNA was prepared with up to 1 mg RNA using SuperScript III Reverse Transcriptase (Invitrogen) according to the manufacturer's instructions.
Quantitative PCR (qPCR) qPCR analyses were performed using a Mastercycler ep realplex instrument (Eppendorf) and KAPA SYBR FAST qPCR Master Mix (Kapa Biosystems, Wilmington, MA) with 500 nM primers and 10 ng DNA/cDNA as appropriate. Primers are listed in Table S1 . For quantification of barcoded strains, a touchdown protocol was used: 40 cycles of 95 C for 3 seconds, annealing at a variable temperature for 20 seconds, and 72 C for 8 seconds. For the first 6 cycles annealing temperature started at 68 C and then dropped one C each for the subsequent 5 cycles. The annealing temperature was 62 C for the remaining 34 cycles. Samples were normalized to a DNA standard curve for each strain. For cps locus gene expression, qPCR was performed for 40 cycles of 95 C for 3 seconds, 55 C for 20 seconds, and 72 C for 8 seconds. Samples were normalized to a DNA standard curve of DNA from the wild-type strain. Both protocols were followed by a melting curve analysis for determination of amplicon purity. Relative abundance of strains/cps locus genes was then calculated.
Preparation of Purified CPS and Monosaccharide Analysis
Purified CPS were prepared via the hot water phenol method (Martens et al., 2009) . Briefly, 10 mL overnight cultures of each strain grown in TYG medium were inoculated into 4 L of minimal medium containing 0.5% glucose as the sole carbohydrate source for 2 days. Stationary phase cultures were centrifuged, flash frozen in liquid nitrogen, and stored at -80 C until use. Cells were resuspended in 100 mL hot water prior to the addition of an equal volume of phenol. The mixture was stirred for 1 hour at 65 C and allowed to cool at 4 C overnight. Preparations were then centrifuged and the aqueous phase was dialyzed exhaustively against deionized distilled water (12-14 kDa cutoff). Preps were lyophilized to dryness and resuspended in buffer containing 20 mM Tris HCl (pH 7.4), 2.5 mM MgCl 2 , and 0.5 mM CaCl 2 . Both RNase A and DNase I were added and samples were rotated gently overnight at 37 C. Proteinase K was then added and samples were incubated overnight at 65 C. Phenol was added to the sample prior to vortexing and centrifuging for phase separation, and the aqueous phase was removed. Samples were again dialyzed exhaustively, prior to lyophilization to dryness. The cps7 strain did not produce sufficient product for downstream analysis, likely because of lower cps7 transcription and thus lower CPS production. Glycogen contamination in the samples was assayed using a quantitative iodine assay (Xiao et al., 2006) : 50 mL of 5 mg/mL sample was added to a 96-well microtiter plate, and 50 mL of iodine reagent (5 mM I 2 + 5 mM KI) was added. Color development was measured at 580 nm and compared to a standard curve of glycogen to determine glycogen levels in each sample. Samples displayed variable amounts of bacterial glycogen contamination ( Figure S3H ), which is also evident in relative abundance of glucose in purified CPS preparations ( Figures S3A-S3G ).
For monosaccharide composition analysis, purified CPS were analyzed via high pH anion exchange chromatography using pulsed amperometric detection (HPAEC-PAD) following acid hydrolysis at the UCSD Glycotechnology Core, using a uronic acid profile and authentic sugar standards (glucose, galactose, mannose, fucose, N-acetyl-glucuronic acid, N-acetyl-galacturonic acid, glucuronic acid, galacturonic acid, iduronic acid, guluronic acid, and mannuronic acid). Single CPS-expressing strains were confirmed to have different monosaccharide profiles (see Figure S3 ).
Single CPS-Expressing Strain Characterization and Validation
A set of B. theta strains that each encodes one of the type strain's 8 CPS biosynthetic loci were previously generated (Hickey et al., 2015) . These were produced by sequential deletion of all but one of the type strain's 8 cps loci in parallel mutant lines ( Figure S2A ). Invertible promoters that flip between ''on'' and ''off'' orientations (Krinos et al., 2001) precede 5 of the 8 cps loci. To eliminate this as a confounding variable, the ''outside'' inverted terminal repeat region (i.e., lying upstream of the expressed promoter in its ''on'' state) of these 5 promoters was deleted to lock them in the expressed orientation ( Figures S2B and S2C) . To enable identification of each strain in a mixture, a unique 24 bp barcode sequence was inserted into each of these 10 strains at one of the two NBU2 (tRNA ser ) sites (Koropatkin et al., 2008) . As the panel of CPS-expressing strains is crucial for many of the experiments in this work, each strain was extensively validated. Genomic sequencing of each strain identified few mutations compared to the other strains (Table S2) , and expected deletions, promoter locking, and barcode vector integration were confirmed in genome assemblies. Furthermore, for experiments in Figure S4E , the cps5 strain was rederived from an intermediate strain harboring just 4 cps loci (cps5, cps6, cps7, and  cps8) , with the reasoning that any secondary mutations found in this ancestral strain would be found in multiple strains, including other strains that competed both dominantly and poorly in vivo. Expression of individual cps loci in the 8 single CPS-expressing strains was confirmed by qPCR. As expected, each of the 8 single cps-encoding strains expressed only its respective cps, with all but cps7 being transcribed to similarly high levels. In contrast, a population of the wild-type (tdk -) parent strain was able to express rhamnogalacturonan I) and grown for 4 days anaerobically. Absorbance values were measured using an automated plate reading device (BioTek Instruments). Specific rate [ (max OD 600 -min OD 600 ) / time ] was calculated using Microsoft Excel.
ANTIBIOTIC AND ANTIMICROBIAL SUSCEPTIBILITY ASSAYS
Inhibition of bacterial growth by ciprofloxacin, polymyxin B, and human beta-defensin 3 were measured in a broth-based assay as described for antimicrobial peptide resistance (Cullen et al., 2015) . Cultures were diluted to approximately OD 600 0.05 in TYG medium, and 100 mL diluted culture was added to serially diluted concentrations of antibiotic/antimicrobial peptide. All 3 assays were set up anaerobically. For the assay containing human beta-defensin 3, plates were then incubated aerobically for 90 minutes before being placed back in an anaerobic environment. Growth was continuously monitored in an automated plate reading device and was compared to wells in which no compound was added; if wells achieved less than half the absorbance of the control at late log ($OD 600 0.8), growth was considered to be inhibited at that concentration. For the complement-mediated killing assay (Coyne et al., 2008) , 1 mL overnight culture of bacteria was diluted to OD 600 0.2, washed, and resuspended in 1 mL PBS containing 5 mM MgCl 2 . 10 mL of normal human complement serum or freshly inactivated serum (incubated in a 56 C water bath for 30 minutes) was added to 3 wells containing 90 mL of the bacterial resuspension. Wells were incubated anaerobically for 1 hour prior to serial dilution and plating on solid media. Each of the 3 replicates were normalized to counts for the heat inactivated complement [(inactive serum-treated counts -serum-treated counts) / inactive serum-treated counts] and then averaged and expressed as percent survival.
Laser Capture Microdissection and DNA Extraction
Methanol Carnoy's fixed intestinal segments were paraffin embedded prior to microscope slide generation. Slides were deparaffinized in xylene, twice incubated in 100% ethanol, and retreated with xylene prior to drying briefly and placing in a dessicator for approximately 1 hour. Mucus layer ($30 mm immediately adjacent to epithelium) or lumen-associated (middle of lumen) samples were taken for each intestinal segment (ileum, cecum, and distal colon) of the Rag1 -/mice using an Arcturus Veritas microdissection instrument (Applied Biosystems). DNA was extracted from each sample with the PicoPure DNA extraction kit (Applied Biosystems). Prior to qPCR for quantifying relative abundance of each strain, a PCR for non-specific amplification of the barcoding vector was employed (primers are listed in Table S1 ). 10 ng of extracted DNA were amplified in duplicate for each sample with Platinum Pfx (Invitrogen) with the following protocol: 95 C for 5 minutes; 20 cycles of: 95 C for 30 seconds, 58 C for 30 seconds, and 72 C for 30 seconds; final extension at 72 C for 10 minutes. After PCR, duplicate samples were pooled and purified using Qiagen MinElute PCR Purification Kit and diluted (ileum diluted 1:10, colon segments diluted 1:100) prior to use in qPCR.
Identification of cps Biosynthetic Loci in Sequenced Isolates and in Metagenomes
Strains of the B. theta genomic clique in the Integrated Microbial Genomes (IMG) database (Markowitz et al., 2014) , as well as Bacteroides faecis MAJ27 (each with a >98% identity hit to the VPI-5482 16S rDNA) were probed with genes from the 8 cps loci from the VPI-5482 strain using the IMG ''Genome Gene Best Homologs'' tool with an initial percent identity cutoff of 20%. Strains with an identified homolog meeting identity cutoffs (90%, 80%, 60%, 40%, 20%, 0%) were shaded according to the color scale indicated in Figure 5A (from ''high''/90% to ''low''/0% homology). Type strains of B. ovatus (ATCC 8483) and B. fragilis (NCTC 9343) were included as controls. To identify other cps loci within each genome, multiple strategies were undertaken. First, homologs of flanking genes on both sides of known cps loci were investigated for the presence of neighboring, novel loci in other strains. Then, a blastp search with an E-value cutoff of 1e-5 was performed for conserved regulatory genes (upxY and upxZ family genes from the cps5 locus, BT1656 and BT1655) and for conserved export machinery genes (BT0398 from cps1 and BT1654 from cps5). To identify novel cps loci, each of the 14 strains was used as a reference strain in the ''Genome Gene Best Homologs'' tool and compared against the other 13 strains. A sufficient length of contiguous genome assembly was required to either identify the genomic location and/or compare gene content and homology to other loci. Although, gaps in assembled genomes prohibited full locus comparison in several cases. Genes in homologous loci were typically >98% similar to one another at the amino acid level. 3 genes within each locus were identified via this method that appeared to be highly conserved only among those strains that encoded the entire locus. A blastn search (E-value cutoff 1e-5) of all isolate genomes in IMG was performed, and each gene was confirmed to be specific to its cognate locus and not found within other genomes. Only the cps8 locus, which is found on a mobile genetic element, was found within other Bacteroides species (these were confirmed to contain a locus homologous to cps8). Genes from each locus were not found to be present outside of the Bacteroides genus. 49 unique cps biosynthetic loci were thus identified.
The 3 unique genes from each locus were also used to probe for each of the loci in the 147 Human Microbiome Project gut metagenomic samples found on the IMG website. Each sample was probed with the 3 genes from each of the 49 unique loci via blastn with more stringent criteria (E-value cutoff 1e-50, >100 bp hit, 95% identity). A sample with at least 2 out of 3 genes present was considered positive for the corresponding locus. 3 genes conserved within all 14 isolate genomes (but not found within other isolate genomes on IMG) were used to determine the presence of B. theta within each metagenomic sample. Genes used are listed in Table S5 .
For cps locus synteny analysis ( Figure 6 ), representative loci from each of the 9 unique cps locus types at genomic Site 1 (location of cps1) were compared using the IMG ''Genome Gene Best Homologs'' tool. Especially for some conserved gene families (e.g. upxY/ upxZ) the closest homolog for a gene in one strain was found in a cps locus at a different genomic site. For these genes, Blastp (E-value cutoff 1e-2) was performed. Cutoffs of 80% or 90% identity were used to label genes as homologous.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical Analysis
None of the investigators were blinded to sample identity during any of the described experiments and no samples or measurements were excluded from analysis. For each experiment, the total number of biological replicates ''n'' is indicated in the corresponding legend along with a description of what is considered a replicate (mice, replicate cultures, antibody titers, etc.). Statistical analyses (other than Dirichlet regression and linear mixed models) were performed in Prism software (GraphPad Software, Inc., La Jolla, CA). As data did not generally follow a normal distribution, nonparametric tests (Mann-Whitney/Kruskal-Wallis) were used to determine statistical significance. Unless otherwise indicated, statistical significance is indicated as follows: * p < 0.05; ** p < 0.01; *** p < 0.001; and **** p < 0.0001. Number of animals used (n) and statistical tests used are indicated in each figure legend. For comparing relative abundance of cps locus expression ( Figure 1 ) between pairs of experimental groups, Dirichlet regression was performed in R using the alternate parameterization in the ''DirichletReg'' package (version 0.6-3; Maier, 2014) . The parameters in this representation of the Dirichlet distribution are the relative proportions of cps locus expression and the total expression, which is a measure of precision. The parameterization models the logarithm of the ratio of the relative expression of locus cpsc (referring to CPS loci cps1, cps2, cps3, cps4, cps5, cps6, or cps8) to the relative proportion of the reference cps7 locus as a linear combination of the given variables of interest. The variables of interest were diet and low-fiber diet interval for comparison of the wild-type, high-fiber fed mice with the wild-type mice whose diets oscillated between intervals of low-and high-fiber diets. The variable of interest for comparison of the wild-type, high-fiber fed mice with the Rag1 -/-, high-fiber fed mice, on the other hand, was mouse genotype. The precision for a given model was allowed to vary by group in cases where a likelihood ratio test indicated at significance level p < 0.05 that this model was superior to a corresponding model with constant precision.
For the IgA titer assay in Figure 3 , it was necessary to use the entire fecal sample to provide enough IgA for the assay. Thus, to correlate specific anti-CPS IgA titers with strain abundance, a good estimation of the relative strain abundance at the time of the IgA titer data was generated by averaging the two closest relative strain abundances to the IgA time point (e.g. for a time point on day 25, the Day 20 and Day 30 abundances were averaged). A Pearson correlation was then performed.
Linear mixed models for Figure 3 were created and run in R using the package ''lme4'' (version 1.1-12, Bates et al., 2015) . First, to examine the effect of mouse genotype on anti-CPS fecal IgA levels, a univariate model dependent only on mouse genotype as a predictor was employed: IgA ijk = A 0 + A 1 Genotype i + R i + e ijk where i denotes an individual mouse, j denotes time, k denotes CPS type, R i is the random effect of the mouse and e ijk is the error term. The variable IgA ijk refers to the normalized OD 405 values shown in Figure 3 for subject i at time j for CPS type k and Genotype i is an indicator variable of the mouse genotype. This means that wild-type has value 0 and MyD88 -/-/Trif -/has value 1. Next, the contributions of both mouse genotype and day were examined in a multivariate model: IgA ijk = A 0 + A 1 Genotype i + P , and CPS8, with other notation as described above. Linear combinations of coefficients in the mixed models represent differences between groups and between time points for each group. Significance was determined for each difference by testing the null hypothesis that the linear combination of coefficients representing the given difference is 0.
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